Abstract-The parametric decay of an obliquely propagating extraordinary electromagnetic wave into another extraordinary electromagnetic wave and a low-frequency electrostatic ion-Bernstein wave viz the stimulated Brillouin scattering process is considered. Explicit expressions for the growth rate and threshold power for this instability have been presented. Applications of the present investigation to fusion plasmas in the end cells of tandem mirrors and the magnetospheric and ionospheric plasmas to explain wave phenomena have been pointed out. The dependence of threshold power on the pump wave angle has also been studied. The general expressions for the growth rate and threshold derived here can also be useful to explain the future experimental data.
I. INTRODUCTION E LECTRON-cyclotron resonance heating (ECRH) is
one of the most attractive heating schemes being currently employed to heat the plasmas in tokamaks [1] and tandem mirrors [2] . For example, ECRH is being employed to create the thermal barriers and plug regions in tandem mirrors by creating the temperature differential. The electromagnetic (EM) wave, usually in the extraordinary mode, is used for ECRH as a pump. Besides this, in ionospheric modification experiments an electromagnetic wave is launched from the ground in the extraordinary mode [3] , [4] .
Recently, during ECRH in the end cells of the tandem mirrors and in the ionospheric modification experiments, the excitation of low-frequency oscillations has been observed. For example, in TMX-U during ECRH in the end cells, low-frequency fluctuations near the fourth harmonic of the ion-cyclotron frequency (ICF) have been observed [5] . The frequency of these fluctuations depends on the plasma parameters such as density in the end cells. On the other hand, in the ionospheric modification experiments [3] using the extraordinary EM pump wave, a series of Manuscript received September 11, 1987; revised March 21, 1989 . This work was supported in part by the Department of Science and Technology (DST), India.
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narrow spectral peaks induced in the upper sideband, indicating the excitation of ion-Bernstein modes, has been observed.
In the present paper, we have studied the parametric decay instability of an obliquely propagating, extraordinary EM wave into another extraordinary EM wave and an electrostatic ion-Bernstein wave (IBW) viz the stimulated Brillouin scattering (SBS)process. Explicitexpressions for the growth rate and threshold power are given. The relevance of the present investigation to the experimental observations during ECRH in TMX-U end cells and ionospheric modification experiments is pointed out. Besides this, the application of the present theory to explain the simultaneous existence of auroral kilometric radiations (AKR) [6] , [7] and broadband electrostatic noise [8] in the magnetospheric plasmas is discussed.
In Section II we set up the basic equations to derive the nonlinear dispersion relation of this parametric process in the presence of an extraordinary EM wave in a homogeneous magnetoplasma. In Section III, expressions for the growth rate and threshold power are given; also, the effect of plasma inhomogeneity is discussed and an expression for convective threshold power is derived. In Section IV, the relevance of this investigation to recent experiments in fusion plasmas, ionospheric modification experiments, and in magnetospheric plasmas is presented.
II. BASIC EQUATIONS
Consider the propagation of an extraordinary EM pump wave in a homogeneous magnetoplasma at an angle d 0 to the static magnetic field B o , which is along the z axis. Assuming the pump wave propagation to be in the x-z plane, one can write the electric field of the pump wave (<o 0 , *") as [9] E o = (xE Ox + yE Oy ) 
(2)
Here, O3 pe and w ce are the electron plasma frequency and electron-cyclotron frequency, respectively, c is the speed of light in vacuum, and k Ox and k Oz are the components of propagation vectors for the pump wave along the x and z directions, respectively.
We^consider the decay of an extraordinary EM pump (w 0 , k 0 ) mto another extraordinary EM wave (w_, &_) and a low-frequency electrostatic IBW (w, k). The energy and momentum conservation demand that w_ = w -wo and k _ = k -k 0 . As k = xk x + zk z and fc_ = xk_ x + zk_ z , momentum conservation demands that k_ x = k x -k Ox and k_ z = k z -k Oz .
To obtain the nonlinear dispersion relation, the equations for the scattered extraordinary EM wave and the electrostatic IBW are established. The wave equation for the scattered wave is found from Maxwell's equations as
where J"l is the nonlinear part of the current density^ (w_, k_), and e_ is the linear dielectric tensor at (jco_, k_) as given by Stix [9] . The linear current density /'_ is related to the conductivity tensor by the relation 7'_=a_.-£_. _ (4) The total current density which is the sum of J L and J"l is given by
where the subscript a denotes the species level (electron (e) or ion (/)) for electrons q a = -e and for ions q a = +e, e is the electronic charge, and iV 0 is the positive static background density. The perturbed density oscillation and velocity (n a , v a ) in the electrostatic wave,(n a0 , v a0 ) in the EM pump wave and velocity ?"_ in the EM scattered wave are determined from the continuity equation and the equation of motion, respectively, as
and T a is the thermal energy of the a species. Keeping in mind that the scattered wave is an extraordinary EM wave and that ions form a positive static background, the contribution due to electron motion is taken into account. After Fourier analyzing (3), we get where
From (8) and following Stix [9] for e_, the components of D can be written as From (7) we obtain 
The equation for the electrostatic IBW is determined by using Poisson's equation:
The perturbed (electron or ion) density n a can be obtained from continuity and momentum-balance equations for electrons and ions (6), respectively, and can be di-
The nonvanishing relevant components of j3in (16) It is to be noted here that the kinetic effects can be taken . E Ox into account phenomenologically by replacing e in (17) A --i - [10] , [11] by
From (10) and (16) For the application point of view, first we apply the results of the present investigation to fusion plasmas. Recently, in a TMX-U experiment [5] , low-frequency fluctuations near the fourth harmonic of the ICF have been observed at the midplane of the end cell during ECRH. These low-frequency fluctuations may be electrostatic IBW. We have shown here that these waves near the fourth harmonic of the ICF can be attributed to the parametric decay instability; i.e., an SBS of extraordinary EM waves in the end cells of TMX-U.
As an illustration, we apply the results of the present investigation in the end cells of TMX-U. During the measurement of [5] , the 200 kW of the 28-GHz extraordinary wave power was launched by a Vlasov antenna which provided an estimated electric field strength incident on the plasma of approximately < 700 V cm" 1 , which corresponds to approximately 650 W cm" 2 of power incident on the plasma. For TMX-U parameters in the end cell [I3]f pe -15.29 GHz,/« = 34.29 GHz (W o = 2.9 x 10 12 cm" 3 , B o = 12.24 kG), T e = 1 keV, T e = 40 7",, the variation of homogeneous growth rate (70) with the wave angle (0 O ) (pump wave is a slow, extraordinary dinary EM wave) has been studied near the first {f\), second (/ 2 ), third (/ 3 ), and fourth (/ 4 ) harmonics of the ICF. It is found that the IBW at/i cannot be excited for these parameters because of the violation of energy and momentum conservation. The variation of growth rate (normalized) with 9 0 has been depicted in Fig. l(a) . It is clear that the normalized value of the growth rate (7o/co c ,) for / 4 (=72.84 MHz) is between 5.86 x 10~3 and 1.95 x 10~2, which always remains more than that for / 3 ( = 54.16 MHz) and/ 2 ( =35.49 MHz) for 0 O between 80°-90°. However, the growth rate decreases as 6 0 increases for all harmonics. Therefore, the mode having a maxi- mum growth rate will be excited, supporting the observation [5] . Further, we discuss the effect of plasma inhomogeneity on this parametric process. In an inhomogeneous plasma with a density gradient in the z direction, the wave number matching condition &_ = k -k 0 is only satisfied locally. Propagation of the decay waves out of this "resonant region" of interaction limits the growth, leading to the possible stabilization of this decay process. Following Rosenbluth [14] and Liu [15] , one can calculate the convective threshold d_ dz
where V gz and V_ gz are the group velocity components of the decay waves in the direction of the density gradients (z direction). The expression for convective threshold is
For the fixed value of inhomogeneity scale length (L -3.3 m), such that the WKB approximation is valid, the variation of P conv with 0 O for/ 2 ,/ 3 , and/ 4 has been shown in Fig. l(b) for the above-mentioned TMX-U parameters. It is clear from this figure that P conv for/ 2 , / 3 , and/ 4 first decreases with 0 O (between 80°-90°) and then increases after attaining a minimum value that is smaller for/ 4 than for/ 3 and/ 2 . At/ 4 , the minimum value of P com is =24 W cm" 2 (0 O = 87°), and that for/ 3 and/ 2 it is approximately 50 W cm" 2 (0 O = 87.9°) and 190 W cm" 2 (0 O = 88.6°), respectively. The variation of P conv due to a change^in 0 O can be attributed to the fact that as 0 O changes, the k vectors of the pump and decay products also change. Consequently, the convective threshold power which depends on the convective losses through group velocities of decay waves, mismatch, and growth rate changes accordingly. The mode having the minimum threshold power is expected to be excited. Peony for the mode / 4 up to 0 O = 87.5° is less than that for/ 3 and/ 2 . Therefore, for 0 O up to 87.5°, mode/ 4 is expected to be excited. For 0 O between 87.5° and 88.2°, the mode/ 3 has a P C onv l ess tn a n that for/ 2 and/ 4 and will be excited. Moreover, for 0 O greater than 88.2°, mode/ 2 is expected to be excited because of its minimum P conv in this range of pump angle
0o-
In a recent ionospheric modification experiment where an extraordinary EM wave (/ 0 = 2759 kHz) was used as a pump wave having an effective radiating power (ERP) = 280 MW (E o -0.73 V m" 1 ), a series of narrow spectral peaks induced in the upper sideband have been observed, which indicate the possibility of the excitation of IBW [3] . This is on account of the fact that the peaks seem to be separated in frequency by multiples of the O + cyclotron frequency, which was 45-50 Hz. The structure of the spectra was attributed to the excitation of the IBW.
For over-dense ionospheric plasma (200 km, F layer) parameters/ pe = 2894 kHz,f ce = 1233 kHz (N o = 1.04 x 10 5 cm" 3 , B o = 0.44 G), T e = 0.15 eV, T e = 5 T h and/ 0 = 2759 kHz, the pump extraordinary EM wave is found to be a slow extraordinary EM wave. Since the plasma frequency is practically zero and the magnetic field is less than 1600 kHz, it is impossible to have a slow extraordinary X mode with a frequency that high, so the pump wave cannot be a slow X mode to start with. Therefore, this pump slow Xmode cannot be launched from the ground. If this is the case, the other possibility is that the pump wave is a fast X mode, launched from the ground. As this fast X mode propagates into a higher density plasma region, the wave will be partially reflected at the upper cutoff (f R ) and partially tunnel through the evanescent region between the cutoff (/ 0 = f R ) and the upper hybrid resonance (f 2 UH = f 2 pe + /«)• This partially tunneled fast X mode is converted into two modes : One is the usual Bernstein mode, and the other is the slow X mode. This new mode conversion process has been recently investigated by Nakajima and Abe [16] through particle simulation. Thus, the mode-converted slow X mode can propagate into this region and may be susceptible to parametric decay instability. For these parameters the excitation of modes/] and/ 2 is not possible. The variation of the growth rate with 0 O (betwen 86°-90°) near the third (/ 3 = 121.72 Hz) and fourth (/ 4 = 163.7 Hz) harmonics (at E o = 0.7 Vm" 1 ) has been shown in Fig. 2(a) . It is clear that the growth rate decreases with increasing 0 O , but remains greater at/ 4 than at/ 3 .
If the plasma inhomogeneity is taken into account, the threshold power is more than the homogeneous case. For the above-mentioned ionospheric plasma parameters and L = 1.5 km, we have plotted P com versus 6 0 in Fig. 2(b [3] . This suggests that the present decay instability may be one of the mechanisms for the generation of the IBW in this experiment.
Finally, we apply the results of the present investigation to the magnetospheric plasma, where in the vicinity of the polar cusp region (about 5 earth radii) a broadband electrostatic emission extending from a few Hz to about 30-100 kHz with a maximum intensity of about 10-50 Hz has been observed [8] . The mechanism for generating this electrostatic emission remains highly uncertain. Various mechanisms have been proposed to explain this electrostatic emission [17] . Extraordinary EM waves have also been found to be present in this region and are known as auroral kilometric radiation (AKR). These are intense EM emissions with a frequency between 50 and 500 kHz [6] , [7] . It seems that a part of the maximum intensity region of this broadband electrostatic emission in the vicinity of the polar cusp region of the magnetosphere can be attributed to this parametric process. For the magnetospheric plasma parameters, N o -10 2 cm" 3 , J5 0 = 444 nT,/ 0 = 317.4 kHz, T e -0.7 eV, T e = 10 T t , E o -1 m Vm" 1 , the normalized growth rate (7o/co C( ) for the pump wave (fast, extraordinary EM wave) angle (0 O ) between 88° and 90° has been calculated. The matching conditions could not be satisfied when d 0 is below 88°. The growth rate is almost independent of 0 O . At/ 3 (19.6 Hz) and/ 4 (26.1 Hz), 7 0 /w c , comes out to be =1.7 X 10" 2 and =1.87 X 10~2, respectively. It is found that for these parameters, /] and/ 2 are not excited. The mode/ 4 has a higher growth rate than/ 3 . The homogeneous power flux for this parametric process comes out to be =3.39 x 10" 19 Wm"
2 Hz" 1 and 2.54 x 10~1 9 .Wm~2 Hz" 1 at/ 3 and/ 4 , respectively. AKR fields having a power flux more than this have been observed in this region.
In conclusion, we have presented several examples of the relevance of the present parametric process to the available observations. In addition to this, our present theory may also be useful for the interpretation of future experimental data.
